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The increased  i n t e r e s t  i n  coa l  l i q u e f a c t i o n  and c a t a l y t i c  upgrading o f  coal-de-  
r i v e d  l i q u i d s  has  r e c e n t l y  l e d  t o  a cons iderable  amount o f  work on hydrodesul fur iza-  
t i o n  and hydrodeni t rogenat ion of  model h e t e r o c y c l i c  compounds i n  t h e  presence of 
s u l f i d e d  c a t a l y s t  s y s t e m s ( l , 2 ) .  In  c o n t r a s t ,  hydrogenat ion r e a c t i o n s  of model poly- 
c y c l i c  aromatic  hydrocarbons i n  t h e  presence  o f  such c a t a l y s t s  have been s t u d i e d  t o  
a l i m i t e d  e x t e n t  (3-5) .  I t  i s  a l s o  noteworthy t h a t  in comparison wi th  prev ious  ex- 
t e n s i v e  s t u d i e s  on mechanis t ic  and s te reochemica l  a s p e c t s  o f  meta l -ca ta lyzed  hydro- 
genat ion o f  condensed aromat ics ,  so f a r  l i t t l e  a t t e n t i o n  has  been p a i d  t o  such a s p e c t s  
i n  hydrogenation s t u d i e s  wi th  t h e  s t r u c t u r a l l y  d i f f e r e n t  c l a s s  o f  s u l f i d e d  c a t a l y s t s .  

I n  t h e  p r e s e n t  work t h e  hydrogenation o f  phenanthrene (1) and pyrene (9) was 
s y s t e m a t i c a l l y  i n v e s t i g a t e d  as a func t ion  of s u l f i d e d  c a t a l y z t  t y p e ,  r e a c t i o n  temper- 
a t u r e ,  hydrogen p r e s s u r e ,  and c a t a l y s t / f e e d  r a t i o .  Experiments were performed i n  a 
semi-batch r e a c t o r ,  and products  ob ta ined  were i d e n t i f i e d  and q u a n t i t a t i v e l y  analyzed 
by a combination of gas  chromatography, PMR, and mass-spec t ra l  methods ( see  Experi-  
mental) .  

RESULTS AND DISCUSSION 

Rela t ive  c a t a l y t i c  a c t i v i t i e s  o f  s u l f i d e d  Ni-Mo/AlzOg ( c a t a l y s t  A), Ni-W/A120g 
( c a t a l y s t  B) and Co-Mo/A1203 ( c a t a l y s t  C) f o r  hydrogenat ion o f  1. were examined by 
comparative experiments  under  mi ld  experimental  c o n d i t i o n s ,  i . e .  p r e s s u r e ,  1500 p s i g ;  
temperature ,  341OC; r e a c t i o n  time, 2 h r .  Under such c o n d i t i o n s  conversion of  L i n t 0  
perhydrophenanthrene (E) i s  incomplete and t h e  product  c o n t a i n s ,  i n  a d d i t i o n  t o  8. a 
s e r i e s  of p a r t i a l l y  hydrogenated compounds expected from s tepwise  hydrogenat ion o f  
phenanthrene (P) ,  i . e .  9,10-dihydroP(L), 1 ,2 ,3 ,4- te t rahydroP(A) ,  1 ,2 ,3 ,4 ,9 ,10,11,12-  
octahydroP(?), 1,2,3,4,5,6,7,8-octahydroP(z), and i somer ic  mixtures  of decahydroP(5) 
and dodecahydroP(1). With samples o f  t h e  above i n d i c a t e d  types  of c a t a l y s t s ,  having 
comparable concent ra t ions  o f  t h e  a c t i v e  components and n e a r l y  i d e n t i c a l  s u r f a c e  a r e a s  
and pore  volumes, it was found t h a t  t h e  decrease  i n  H-aromatici ty  i s  20-25% h i g h e r  
with A and B,  as compared with C .  Fur ther ,  under  c o n d i t i o n s  lead ing  t o  complete sa- 
t u r a t i o n  of  1. (2,900 p s i g ;  341OC; 7 h r )  t h e  hydrogenat ion s e l e c t i v i t y  of  B was found 
t o  be somewhat h igher  than  t h a t  o f  A.  Consequently, a c a t a l y s t  of type  B (conta in ing  
5.1% of  N i O  and 20.2% of  WO3; see Experimental) was s e l e c t e d  f o r  t h e  hydrogenat ion 
s tudy.  

genat ion of  1. a s  a f u n c t i o n  o f  temperature  i n  t h e  range o f  20O-38O0C. For t h e  pur-  
pose of  c l a r i t y  t h e  composition i s  p l o t t e d  i n  two s e t s  corresponding t o  a n t i c i p a t e d  
consecut ive s t a g e s  o f  t h e  hydrogenat ion process ,  i . e .  an e a r l y  s t a g e  (A) showing t h e  
change i n  concent ra t ion  o f  phenanthrene d e r i v a t i v e s  wi th  one o r  two hydrogenated r i n g s  
(Fig. l ) ,  and a la te r  s t a g e  showing t h e  change i n  concent ra t ion  of  d e r i v a t i v e s  wi th  
two o r  t h r e e  hydrogenated r i n g s  (Fig.  2 ) .  Ext rapola t ion  o f  t h e  curves i n  Fig.  1 t o  
temperatures  below 2OO0C, c l e a r l y  i n d i c a t e s  t h a t  1 , 2 , 3 , 4 - t e t r a h y d r o P ( 3  i s  t h e  main 
primary product ,  while  t h e  o t h e r  p o s s i b l e  pr imary product ,  i . e . ,  9,10-dihydroP(L), i s  
formed i n  cons iderably  lower y i e l d .  The gradual  decrease  i n  t h e  concent ra t ion  o f  
compound 3 with  i n c r e a s e  i n  temperature  (Fig.  1 )  i s  accompanied by a corresponding 
increase  i n  t h e  y i e l d  o f  1,2,3,4,5,6,7,8-octahydroP(S), a product  which should be 
formed by hydrogenat ion o f  t h e  r e s i d u a l  aromatic  end-ring i n  3. 
t h e  gradual  disappearance o f  9,10-dihydroP(Z) with t e m p e r a t u r e  i s  n o t  accompanied by 

*Weizmann I n s t i t u t e  of Sc ience ,  Rehovot, I s r a e l  

Figures  1 and 2 summarize t h e  observed change i n  product  composition from hydro- 

On t h e  o t h e r  hand, 
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any s i g n i f i c a n t  formation o f  t h e  expec ted  second-s tep  hydrogenation product  from z, 
i . e . ,  1,2,3,4,9,10,11,12-octahydroP(~). S i n c e  conversion o f  2 i n t o  3 is a slow, i n -  
d i r e c t  r eac t ion  (vide i n f r a ) ,  t h e s e  r e s u l t s  i n d i c a t e  t h a t  L i s  n o t  an important i n -  
t e rmed ia t e  i n  t h e  o v e r a l l  hydrogenation p rocess  l ead ing  t o  perhydrophenanthrene (!). 
Afte r  reaching a maximum o f  -605b.wt.  n e a r  3OO0C, t h e  concen t r a t ion  o f  1 ,2 ,3 ,4 ,5 ,  
6,7,8-octahydroP(A) decreases  wi th  f u r t h e r  i n c r e a s e  i n  tempera ture .  F igure  2 i n d i -  
c a t e s  t h a t  hydrogenation o f  t h e  r e s i d u a l  i n n e r  a romat ic  r i n g  i n  5, l ead ing  t o  the  
f i n a l  product 8, involves  t h e  formation o f  o l e f i n i c  in t e rmed ia t e s ,  i . e .  i somer ic  
mixtures o f  decahpdroP(5) and o f  dodecahydroP(1). 
ed i n  Figs .  1 and 2 are a l s o  observed i n  t h e  s tudy  o f  product  composition a s  a func- 
t i o n  o f  hydrogen p res su re  (between 500-2,900 ps ig )  , and o f  ca t a lys t /phenan th rene  
r a t i o .  

t h e  s t e reochemis t ry  of t h e  in t e rmed ia t e  compounds formed i n  t h e  s t epwise  hydrogena- 
t i o n  o f  1. t o  8: 

I n i t i a t i o n  o f  t h e  p rocess  by hydrogenation o f  t h e  i n n e r  r i n g  i n  1 a t  the  9,lO- 
p o s i t i o n  produces a somewhat s t r a i n e d  hydroaromatic r i n g .  In forming t h i s  r i n g  t h e  
two aromatic end r ings  arc forccd  = ~ t  o f  c o p l a n a r i t y ,  and the  r e s u l t i n g  3,lO-dihy- 
droP(2) shows s t r o n g  dehydrogenation tendency a t  t empera tures  225OOC (v ide  i n f r a ) .  
I n  c o n t r a s t ,  hydrogenation of an end r i n g  i n  1, t o  y i e l d  3, i nvo lves  formationof a 
s t r a i n l e s s  hydroaromatic r i n g .  Fast consecu t ive  hydrogenation of t h e  two end r ings  
i n  1. should produce 1,2,3,4,5,6,7,8-octahydroP(~), which i s  indeed  observed a s  t h e  
main in t e rmed ia t e  i n  t h e  p rocess .  Examination o f  s t e r i c  models o f  5 i n d i c a t e s  t h a t  
f l a t w i s e  adsorp t ion  o f  t h e  r e s i d u a l  i n n e r  a romat ic  r i n g  B on t h e  c a t a l y s t  s u r f a c e  
would be  d i f f i c u l t  as a r e s u l t  of s ter ic  i n t e r f e r e n c e  by t h e  two f l e x i b l e  hydroaro- 
mat ic  r i n g s  A and C (Fig.  3). The lower r a t e  o f  hydrogenating t h e  i n n e r  r i n g  as  com- 
pared  t o  t h e  end r i n g s  i n  1. i s  r e f l e c t e d  i n  t h e  accumulation o f  compound 5 i n  reac- 
t i o n  products  formed under mild exper imenta l  cond i t ions .  
however, may proceed by a s t epwise  double t  mechanism,~involving s l a n t w i s e  o r  edgewise 
adsorp t ion  of 5 by means o f  t h e  s t e r i c a l l y  unobs t ruc ted  9 , lO-pos i t ion .  Such mecha- 
nism would r e q u i r e  format ion  o f  o l e f i n i c  i n t e r m e d i a t e s ,  e . g .  5 and 1, which are i n -  
deed found i n  t h e  r e a c t i o n  products  (F ig .  2 ) .  

P a t t e r n s  similar t o  those  i n d i c a t -  

The r e s u l t s  ob ta ined  can be  r a t i o n a l i z e d  by cons ide r ing ,  among o t h e r  f a c t o r s ,  

Slow hydrogenation o f  B ,  
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Fig. 3. S t e r i c  i n t e r f e r e n c e  wi th  f l a t w i s e  adsorp t ion  of 1,2,3,4,5,6,7,8-octahydroP(2) 

I t  should be noted  t h a t ,  depending on t h e  s u r f a c e  s t r u c t u r e  and t h e  s t r e n g t h  o f  

For in s t ance ,  
adso rp t ion ,  s t e r i c  i n t e r f e r e n c e  o f  t h e  t y p e  i n d i c a t e d  i n  Fig.  3 may not  n e c e s s a r i l y  
be equa l ly  e f f e c t i v e  with d i f f e r e n t  types o f  hydrogenation c a t a l y s t s .  
hydrogenation o f  1 us ing  p la t inum group metals proceeds  wi th  s t r o n g  p re fe rence  (se-  
l e c t i v i t y  '75%) f o r  formation o f  t h e  cis-s cis-perhydrophenanthrene s t e reo i somer  
(6). 
s u r f a c e ;  and (b)  f a s t  add i t ion  o f  hydrogen from t h e  unders ide  o f  t h e  adsorbed sys-  
tem, so t h a t  a l l  of t h e  f o u r  hydrogen atoms found at  t h e  asymmetric b r idge  p o s i t i o n s  

This  would r e q u i r e  ( a )  p r e f e r e n t i a l  &;=e o r i e n t a t i o n  of r i n g  B on t h e  
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appear on t h e  same s i d e  o f  t h e  produced hydroaromatic  r i n g .  
observed i n  t h e  present  s tudy ,  y&. t h e  perhydrophenanthrene f r a c t i o n  produced i n  
t h e  presence o f  s u l f i d e d  Ni-W/A1203 c o n s i s t s  of  a mixture  o f  a l l  s i x  p o s s i b l e  ste- 
reoisomers i n  maximal concent ra t ions  below 50% o f  t h e  t o t a l  f r a c t i o n .  This  is i n  
good agreement with t h e  above proposal  t h a t  i n  t h e  presence  o f  s u l f i d e d  c a t a l y s t s  
r i n g  B i s  hydrogenated by a s tepwise  mechanism, which excludes any p o s s i b i l i t y  of 
a t t a i n i n g  cis-=-cis  s t e r e o s e l e c t i v i t y .  

d r o p ( )  as t h e  main f i r s t - s t e p  in te rmedia te  i n  t h e  p r o c e s s ,  comparative hydrogenation 
experiments using these  two compounds as feeds were c a r r i e d  out  under t h e  fol lowing 
condi t ions :  
3 h r .  I t  i s  found t h a t  2 y i e l d s  cons iderable  amounts (17.2% b.wt . )  of  phenanthrene, 
which i s  then  converted sb perhydroP(g) 
3 and 5. S i g n i f i c a n t l y ,  t h e  o v e r a l l  r a t e  o f  conversion o f  2 i n t o  8 i s  lower compared 
fb t h a t  observed i n  t h e  conversion of phenanthrene i n t o  8 uzder  t h e  same set of con- 
d i t i o n s .  I n  c o n t r a s t ,  1 ,2 ,3 ,4- te t rahydroP(?)  does n o t  undergo any dehydrogenation 
t o  phenanthrene under i d e n t i c a l  c o n d i t i o n s ,  and i t s  r e l a t i v e  r a t e  o f  hydrogenat ion 
i n t o  8 is markedly h i g h e r  than t h a t  of  phenanthrene proper .  

The hydrogenation o f  pyrene(2)  i n  t h e  presence of  s u l f i d e d  N i - W / A l z O s  was i n -  
v e s t i g a t e d  a s  a func t ion  of experimental  v a r i a b l e s ,  us ing  an analogous procedure. 
Figures  4 and 5 summarize t h e  change i n  product  composi t ion from 9 ( a t  341OC) as  a 
funct ion o f  hydrogen p r e s s u r e  i n  t h e  range o f  1,000-2,900 p s i g .  A s  seen ,  on ly  one 
type o f  product  conta in ing  one hydrogenated r i n g ,  i . e .  4,5-dihydropyrene (g), i s  
formed. The y i e l d  o f  t h i s  f i rs t  in te rmedia te  decreases  wi th  i n c r e a s e  i n  p r e s s u r e ,  
while t h a t  of  t h e  p r e f e r r e d  second-step hydrogenat ion i n t e r m e d i a t e ,  e. 1,2 ,3 ,3a ,  
4,s-hexahydropyrene (12) passes  through a maximum a t  %1,50Opsig and then  gradual ly  
decreases  a t  h igher  p r e s s u r e  (Fig.  4 ) .  
second-step product ,  i . e .  4,5,9,10-tetrahydropyrene ( l l ) ,  i s  very low i n  t h e  e n t i r e  
pressure  range,  i n d i c a t i n g  t h a t  t h i s  compound i s ,  n o t  an important  in te rmedia te  i n  
t h e  hydrogenation process .  The s t r o n g  preference  f o r  hydrogenat ion o f  10 i n t o  1 2  
r a t h e r  than i n t o  1' apparent ly  depends on a marked d i f f e r e n c e  i n  t h c  p o z t i o n  of the 
r e s p e c t i v e  aromatic  s a t u r a t i o n  e q u i l i b r i a .  Compound 11 conta ins  two r a t h e r  s t r a i n e d  
hydroaromatic r i n g s  which should be s u c c e p t i b l e  t o  easy  dehydrogenat ion,  whereas 11 
conta ins  two non-s t ra ined  hydroaromatic r i n g s  i n  a skewed c h a i r  conformation which 
should be more r e s i s t a n t  t o  dehydrogenation. F igure  5 i n d i c a t e s  t h a t  hydrogenation 
of  12 t o  y i e l d  perhydropyrene (E) involves  t h e  in te rmedia te  formation of  1 ,2 ,3 ,3a ,  
4,5,5a,6,7,8-decahydropyrene (E), followed by s1.0~ hydrogenat ion o f  t h e  r e s i d u a l  
t e t r a s u b s t i t u t e d  aromatic  r i n g  i n  13. Examination of molecular  models shows t h a t  
f l a t w i s e  adsorp t ion  of  t h i s  r e s i d u a l  aromatic  r i n g  on t h e  c a t a l y s t  s u r f a c e  would be 
d i f f i c u l t  due t o  s t e r i c  i n t e r f e r e n c e  by t h e  t h r e e  surrounding hydroaromatic r i n g s .  

hydrophenanthrene (z), and t h e  apparent  slow rate o f  hydrogenat ing t h e  r e s i d u a l  
t e t r a s u b s t i t u t e d  r i n g  i n  1,2,3,3a,4,5,5a,6,7,8-decahydropyrene (w, t o  y i e l d  per -  
hydropyrene (x), i n d i c a t e  t h a t  s t e r i c a l l y  blocked aromatic  r i n g s  i n  p o l y c y c l i c  
aromatic-naphthenic  systems could be markedly r e s i s t a n t  t o  hydrogenat ion i n  t h e  
presence o f  s u l f i d e d  c a t a l y s t s .  This  could provide a p l a u s i b l e  explana t ion  f o r  t h e  
observed r e s i s t a n c e  of  coa l -der ived  l i q u i d s  t o  complete hydrogenat ion,  even i n  case  
t h e  aromatic  s a t u r a t i o n  e q u i l i b r i a  a r e  f u l l y  d isp laced  i n  t h e  d i r e c t i o n  of  s a t u r a -  
t i o n  (1) .  

No such s e l e c t i v i t y  i s  

To confirm t h e p r o p o s e d  r o l e  of  1 ,2 ,3 ,4- te t rahydroP(3)  r a t h e r  t h a n  9,lO-dihy- 

temperature ,  250OC; hydrogen p r e s s u r e ,  ,1500 p s i g ;  and r e a c t i o n  t ime,  

t h e  usua l  i n t e r m e d i a t e s ,  e .g .  compounds 

I t  i s  found t h a t  t h e  y i e l d  o f  t h e  a l t e r n a t i v e  

The observed slow r a t e  o f  hydrogenat ing t h e  i n n e r  r i n g  i n  1 ,2 ,3 ,4 ,5 ,6 ,7 ,8-oc ta-  

EXPERIMENTAL 

Apparatus - An autoc lave  of 300 m l  c a p a c i t y ,  r a t e d  a t  4,000 p s i  (51OoC), was 
adopted f o r  use as a semi-batch r e a c t o r .  
s t i r r e r ,  a tempera ture-cont ro l led  h e a t e r ,  a p r e s s u r e  gage, and a water  cool ing  sys-  
tem. I t  was connected t o  a high p r e s s u r e  hydrogen source  through a check valve and 
a r e g u l a t o r  permi t t ing  t h e  maintainance o f  a cons tan t  p r e s s u r e  throughout t h e  exper- 
iment. 

The au toc lave  was equipped wi th  a magnetic 

Cata lys t s  - A wide range of supported Ni-Mo,Ni-W, and Co-Mo systems,  ob ta ined  
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commercially o r  prepared i n  t h i s  Department, were used i n  a pre l iminary  screening  o f  
hydro t r ea t ing  c a t a l y s t s .  The s e l e c t e d  c a t a l y s t  had a s u r f a c e  a rea  o f  225 m2/g, and 
conta ined  NiO,  5.1;  W03, 20.2; Fe203, 0.03; and Al2O3, 74.1% b.wt. I t  was s u l f i d e d  
a t  3 O O 0 C  and 250 p s i g  with a mixture  o f  hydrogen and carbon d i s u l f i d e ,  u s ing  an ap- 
p r o p r i a t e l y  designed p res su re  flow system ( 1 ) .  

a s  s t a r t i n g  ma te r i a l s .  In each experiment were used 13 g o f  t he  a romat ic  compound 
and 2.6 g of p re su l f ided  c a t a l y s t .  
b rought  t o  t h e  d e s i r e d  tempera ture  and hydrogen p res su re ,  and kept under constant  
cond i t ions  f o r  t he  s e l e c t e d  l eng th  o f  time (2 h r  i n  most experiments).  
each  run,  the r e a c t i o n  mixture  was r a p i d l y  cooled  t o  room tempera ture ,  and a f t e r  re- 
l e a s i n g  t h e  p r e s s u r e ,  d i s so lved  i n  carbon t e t r a c h l o r i d e ,  f i l t e r e d  t o  remove t h e  ca- 
t a l y s t ,  and analyzed. 

spec t romet ry ,  PMR a n a l y s i s ,  and measurement of gas  chromatographic r e t e n t i o n  volumes. 
In most cases  s t r u c t u r e s  were confirmed by  comparison wi th  pu re  r e fe rence  compounds. 
Quan t i t a t ive  a n a l y s i s  of p roduc t  components was performed by temperature-programmed 
160-270'C; 4"C/min) gas chromatography w i t h  a 9 '  x 1/8" column packed wi th  6% OV-17 
on 100-120 mesh Chromosorb W .  

Procedure - Highly p u r i f i e d  samples (> 9 9 % ) o f  phenanthrene and pyrene were used 

After f lu sh ing ,  t h e  charged au toc lave  was quick ly  

A t  t h e  e n d o f  

Analysis - Products from t h e  hydrogenation r eac t ions  were i d e n t i f i e d  by mass 
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Fig. 4 .  Change in product composition from hydrogenation of 

Catalyst: Sulfided N i - W  on Alumina; 
pyrene as a function o f  pressure (Stage A). 

Reaction Temperature: 341 "C,  
Reaction Time: 3 hr .  
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Fig. 5 .  Change i n  product  composi t ion from hydrogenat ion 
of pyrene a s  a f u n c t i o n  of pressure (Stage 8). 

C a t a l y s t :  S u l f i d e d  Ni-W on Alumina, 

React i on Tempera t u  r e  : 341 O C; 
Reaction Time: 3 h r .  
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